Recently, in order to improve high speed data transmission and spectral efficiency in wireless communication systems, the combination of OFDM and space-time coding is being actively studied. In order to maximize the system efficiency, the problem of co-channel interference must be solved. One technique to overcome the co-channel interference and to increase the system capacity is to use adaptive antennas. Conventional beamforming techniques for single antenna cannot be applied directly to STBC-OFDM systems, because the signals transmitted from the two transmit antennas are superposed at the receive antenna and the interference between signals of the two transmit antennas occurs. In this paper, we present the MMSE beamforming technique using training sequence for STBC-OFDM systems in reverse link and evaluate the performance by using various parameters such as the number of training blocks, cluster sizes and angle spreads in Two-ray, TU and HT channels. From the simulation results, we show the best cluster sizes and the number of training blocks corresponding to these cluster sizes.
by Viterbi algorithm and has more complexity compared to STBC.
OFDM (Orthogonal Frequency Division Multiplexing) can combat multipath fading in wireless channels and is an efficient method for high speed data transmission for various applications. For the purpose of improving the system efficiency, a combination of transmit diversity using STC and OFDM to multipath fading was investigated by many researchers [5] [6] [7] . In addition, to maximize the system efficiency, co-channel interference is still a problem to be solved. One technique to overcome the co-channel interference and to increase the system capacity is to use adaptive antennas.
Recently, study on adaptive antenna in wireless communication systems is being actively studied and various research results on adaptive antenna for OFDM have been published [8] [9] [10] [11] . However, beamforming techniques for OFDM systems using space-time coding were mainly focused on beamforming in the forward link [12] [13] [14] [15] [16] , which is called the transmit beamforming. On the other hand, study on beamforming in the reverse link was not active until recently.
In the case of using multiple transmit antennas, there occurs mutual interference between signals transmitted from different antennas of the same transmitter, which is different from the system with single transmit antenna. The general beamforming techniques for single transmit antenna are difficult to apply for solving the interference problem between transmit antennas.
Recently, Ref. [17] proposed MVDR (Minimum Variance Distortion Response) beamforming techniques for canceling co-channel interference in OFDM systems using STTC in the reverse link. MVDR algorithm requires DOAs (direction of arrivals) related to multipaths of the user and interferers. In rich multipath environment, however, the beamforming techniques using DOAs have limits [12] .
In this paper, we propose a beamforming technique to cancel co-channel interference in STBC-OFDM system in reverse link, which is STBC combined with OFDM. This paper presents a modified cost function using channel parameters in MMSE beamforming appropriate for STBC-OFDM system and introduces a channel estimation scheme. We also evaluate the performance of the proposed scheme by using various parameters such as the number of training blocks, cluster sizes and angle spreads in two-ray, TU (typical urban) and HT (hilly terrain) channels [5] .
This paper is organized as follows: In Sect. 2, we briefly describe a general structure of STBC-OFDM systems. In Sect. 3, a new beamforming technique for STBC-OFDM is presented. In Sect. 4, the performance of the proposed beamforming technique is evaluated by computer simulation. Finally, Sect. 5 concludes this paper.
System Descriptions
A STBC-OFDM system with a user and an interferer is shown in Fig. 1 . Here, we assume that the two transmit antennas are used for diversity, both user and interferer have identical transmitters, and the receive antenna consists of N R uniformly spaced linear array antennas. At first, two input binary data blocks are collected for STBC encoding. For the l-th data block, let us denote the data symbol of the k-th subcarrier as X(l, k) and the data symbol of the (k + 1)-th subcarrier as X(l, k + 1).
The data blocks are encoded according to STBC code matrix as follows
where ( * ) means complex conjugate. Equation (1) is applied to all subcarriers of the l-th data block. Then, the data block of the 1-st transmit antenna, X 1 (l), and the data block of the 2-nd transmit antenna, X 2 (l), can be expressed as follows.
The two data blocks X 1 (l), X 2 (l) are transmitted simultaneously from the two transmit antennas after being transformed into OFDM signal.
During a given symbol duration, OFDM signal transmitted from the i-th antenna of the desired user can be expressed as
and the signal of an interferer can be expressed as Fig. 1 The block diagram of STBC-OFDM system.
where Nis the number of subcarriers, X i [l, k] means a coded symbol at the k-th subcarrier, x i [l, n] means a time domain sample value at the n-th sample instant, U and I mean user and interferer, respectively, and W N = exp (− j (2π/N)).
The received signal at the j-th receiver antenna is superposition of signals transmitted from the two transmitter antennas of the desired user and an interferer. This signal is converted into a discrete-time signal by an A/D converter. At this time, Discrete Fourier transform (DFT) of the received signal can be expressed as [12] 
where H i j [k] denotes the channel frequency response of the k-th subcarrier, corresponding to the i-th transmit antenna and the j-th receive antenna pair. Also W j [k] means DFT of AWGN (Additive White Gaussian Noise) with zero mean and variance σ 2 w. Impulse response of the multipath fading channel between the transmit antenna at the transmitter and array antenna at the receiver is given by [12] (6) where L is the number of multipath components, ρ l (t) is amplitude of multipath components and is modeled as Rayleigh distribution, β l (t) is phase shift with uniform distribution and δ [t − τ l (t)] means Dirac-delta function.
The response vector of the array antenna, a [θ l (t)], which is a function of the Angle-Of-Arrival, θ l , can be expressed as
where θ l is uniformly distributed in
, ∆ means the angle spread and λ means wavelength.
The output signal of DFT is decoded by space-time decoder after beamforming.
Beamforming Technique

OFDM Frame for Beamforming
In general, beamforming requires a training sequence. Beamforming for OFDM systems is generally performed in frequency domain. If the channel characteristics of each subcarrier is different, beamforming must be applied to each subcarrier. In this case, beamforming requires the increase of both hardware complexity and the number of training sequence. Thus, in order to reduce hardware complexity and the number of training sequences, Ref. [12] proposed that beamforming be performed per cluster unit using subcarrier grouping.
In this paper, we use the frame structure of Ref. [12] to evaluate the performance of beamforming for STBC-OFDM systems. Practically, the size of the cluster is related to the delay spread of channel. Thus, the proper size of cluster in a given channel, which is inversely proportional to the hardware complexity, must be determined by considering the system performance.
Cost Function for MMSE Beamforming
The basic concept of MMSE algorithm for beamforming is to obtain the coefficient w for minimizing the cost function as given by
where d(m) in the cost function of Eq. (8) generally means the known training sequence. In the case of using STBC, however, the signals transmitted from the two transmit antennas of a user are superposed at the receiver. Thus, interference is generated between the transmit antennas of the same user.
In this paper, in order to obtain the transmit diversity of STBC, we define d(m) as the superposed signal of the transmitted signals from each transmit antenna, i.e.,
where X Ut i means training sequence of a user. Then, the cost function can be expressed as
From Eq. (10), we must know H U i j (m) to use MMSE algorithm for beamforming. Therefore, we can see that channel estimation is essential to obtain channel parameters corresponding to each transmit antenna.
Channel Estimation
In order to explain the channel estimation for beamforming, we consider only a cluster for convenience. An example of the c-th cluster is shown in Fig. 2 . If we assume that the channel characteristics are constant over a frame, the channel parameters of a user corresponding to the j-th receive array antenna and the i-th transmit antenna in the c-th cluster can be obtained as follows. (11) where N sc is the cluste size(the number of subcarriers in a cluster), N t is the number of training blocks and X Ut i is the training data corresponding to the i-th transmit antenna.
Beamforming for STBC-OFDM Systems
The structure of beamformer for STBC-OFDM system is shown in Fig. 3 . From the cost function of Eq. (10), the MMSE algorithm for beamforming basically requires auto-correlation matrix of the received signals and crosscorrelation matrix between the received signals and the desired signals. In this section, we consider the j-th beamformer to obtain this matrix. The FFT output signal of the c-th cluster at the j-th beamformer forms the vector as follows.
The correlation matrix (N R × N R ) of Y j (m) can be expressed as follows.
The cross-correlation vector between the received signal vector, Y j (m), and the desired signals, d (m), can be obtained as follows.
Now, the optimal coefficient, w j opt , can be given by [18] 
Applying the coefficient w j opt of Eq. (15) that is obtained from the training sequence to the data blocks, the output signal of the k-th subcarrier at the j-th beamformer can be obtained as follows.
If the co-channel interference is fully cancelled by the beamformer, the output signal z j (m) can be expressed, except the noise term, as follows.
In this way, the output signal of the beamformer for the (M + 1)-th subcarrier, z j (m + 1), is given by
Since it is assumed that the channel characteristics are constant over a frame, we can setĤ
Finally, the desired data is detected from the following relationship.
From these equations, we can obtain the gain of both transmit and receive antenna diversity. Of course, if the Angle-Of-Arrivals of multipath components are identical, the gain of the receive diversity cannot be obtained by array antennas.
Simulation Results
In this section, the performance of beamforming for STBC-OFDM system is evaluated through computer simulation. The channel models used for simulation are TU and HT channels. The rms delay spreads corresponding to each channel are 1.06 µsec and 5.04 µsec, respectively [5] . Also, two-ray channel with equal average power is considered. The rms delay spread for two-ray channel profile is defined as τ d = (τ 1 − τ 0 ) /2, where τ 0 and τ 1 mean the delay time for the first and second ray, respectively.
The parameters for simulation of beamforming in STBC-OFDM system are as follows. The receive antenna is uniformly spaced linear array antennas. The number of antenna elements is 4, and array antenna spacing is half wavelenth. The entire bandwidth of 800 kHz is divided into 128 subcarriers. Thus, the net OFDM symbol duration is 160 µsec, with an additional 40 µsec guard interval to protect against intersymbol interference due to channel multipath delay spread. QPSK modulation is used. We assume that the amplitude characteristics of the impulse response of multipath channel are constant over a frame. Also the channel corresponding to each transmit antenna and receive antenna is independent of each other. The signals transmitted from the two transmit antennas of each user arrive with a certain angle spread with its center angle of arrival in the same direction.
The performance of STBC-OFDM system is analyzed by considering the number of training blocks, the number of subcarriers within a cluster and the angle spread. In this paper, we assume that training data for beamforming and channel estimation is random and is encoded by using STBC of Eq. (1).
For other parameters, we consider SIR=0 dB, the incident angle of desired user is 0 degree, the incident angle of co-channel interferer is 40 degree, and the angle spread is 10 degree. Figure 4 shows performance vs. rms delay spread and cluster size in two-ray multipath fading channel. From this figure, it is shown that BER performance is dependent on rms delay spread for a given cluster size.
When rms delay spread is less than about 1 µsec, the case with cluster size of 4 shows the best performance. However, when rms delay spread is more than about 1 µsec, the case with cluster size of 2 shows the best performance. These results imply that the cluster size appropriate for practical TU channel with rms delay spread 1.06 µsec is 4, and the cluster size appropriate for practical HT channel with rms delay spread 5.04 µsec must be 2. Figure 5 and Fig. 6 show BER performance comparisons between the case with transmit diversity and the case with no transmit diversity (single transmit antenna) in TU and HT channels, respectively. From these results, we can see that the system with transmit diversity has better performance than the system with no transmit diversity. Figure 7 and Fig. 8 show performance of channel estimation in TU and HT channels, respectively. From the viewpoint of SNR required to obtain BER=10 −2 and 10 −3 , we can see that the performance of the channel estimation scheme has 1 dB loss compared with perfect channel esti- mation. Figure 9 and Fig. 10 show BER performance in terms of the number of training blocks in TU channel when cluster size is 2 and 4, respectively. On the whole, as the number of training blocks increases, the performance is improved. However, if the number of training blocks is more 30, the performance is no longer improved. And the case with 2 subcarriers within a cluster has better peroformance than the case with 4 subcarriers. This phenomenon is due to use of the identical channel parameters and beamforming coefficients within a cluster. If cluster size increases, both channel estimation error and beamforming coefficient error increases. Figure 11 and Fig. 12 show BER performance in terms of the number of training blocks in HT channel when cluster size is 2 and 4, respectively. These results are similar to those of Fig. 9 and Fig. 10 . Note that the performance in HT channel is worse than in TU channel. This is due to fact that HT channel has more rapid channel variation between adjacent sub-carriers than the TU channel and thus the increased channel estimation error. Figure 13 and Fig. 14 show BER performance in terms of the cluster size in TU channel when the number of training blocks is 20 and 30, respectively. These figures show that as the cluster size increases, the performance further deteriorates. Figure 15 and Fig. 16 show BER performance in terms of the cluster size in HT channel when the number of training blocks is 20 and 30, respectively. While the trend is similar to that of TU channel, the performance in HT channel is worse than that of the TU channel. This is because that, as described above, the frequency response of HT channel has more rapid variation than that of TU channel. Figure 17 shows BER performance in terms of SIR in TU channel. Here, we set SIR=0 dB, the number of training blocks is 20, the cluster size is 4, the incident angle of a desired user is 0 degree, the incident angle of a co-channel interferer is 40 degrees, and the angle spread is 10 degrees. As SIR increases, the performance is improved. When SIR is 5 dB or above, the performance is similar to each other. Figure 18 shows the relationship between the number of training blocks and the cluster size in TU channel. Here, we assume that SIR is 0 dB, SNR is 12 dB, the incident angle of a desired user is 0 degree, the incident angle of a cochannel interferer is 40 degrees, and the angle spread is 10 degrees.
As the number of training blocks decreases, the per- formance deteriorates. In particular, when the number of training blocks is less than 4, performance deteriorates remarkably. However, when the number of training blocks is greater than 4 and less than 30, the case with 4 subcarriers within a cluster has the best performance. Also, as the number of training blocks increases, the case with 2 subcarriers within a cluster has the best performance. Here, we know that the increase in the number of training blocks introduces lower transmission efficiency and the decrease in the number of subcarriers increases the complexity of beamformer. Thus, we can consider that the case with 4 subcarriers is a good choice. Figure 19 and Fig. 20 show the effect of angle spread in TU channel when the incident angles of a desired user and an interferer are 40 degrees and 60 degrees, respectively. Here, we assume that SIR is 0 dB, the number of training blocks is 20, the number of subcarriers is 4, and the incident angle of a desired user is 0 degree. On the whole, as the angle spread increases, the performance is improved. However, as the angle spread is close to the interval between a desired user and an interferer, the performance deteriorates. Actually, as the angle spread approaches the incident angle between a desired user and an interferer, the probability that the desired user is close to the interferer increases and the performance deteriorates.
Conclusion
The conventional beamforming techniques for single antenna cannot be applied directly to STBC-OFDM systems, because the signals transmitted from the two transmit antennas are superposed at the receive antenna and the interference between the signals of the two transmit antennas occurs.
In this paper, we evaluate the performance of the proposed MMSE beamforming technique for STBC-OFDM systems through computer simulation.
In order to evaluate the performance of beamforming technique, we considered the number of training blocks, cluster sizes and angle spreads in TU and HT channels.
From the simulation results, we found that the best cluster sizes in TU channel and HT channel are 4 and 2, respectively, and the number of training blocks corresponding to these cluster sizes must be 20 at least.
The angle spread smaller than the angle between a desired user and an interferer allows the receiver to obtain the diversity gain. But, if the angle spread approaches the angle between a desired user and an interferer, the performance deteriorates.
